Despite the identification of few genes encoding transcriptional regulators in the genome of Plasmodium falciparum (Gardner et al. 2002) , analysis of gene expression in the malaria parasite has shown that transcription is generally monocistronic and developmentally regulated (Lanzer et al. 1992 (Lanzer et al. , 1994 Alano et al. 1996; Horrocks et al. 1996; Cheesman et al. 1998; Scherf et al. 1998 ). The identification of promoter regions regulating transcription has also remained elusive, yet large-scale analyses of the parasite's transcriptome have shown that there appears to be relatively good correspondence between the timing of gene expression and when its product is required by the cell (Bozdech et al. 2003; Le Roch et al. 2003) . High-throughput transcript and protein-expression profiling techniques have emerged as powerful tools to study the biology of an organism in a systems-wide manner, and the union of these data sets can help to discern the role of post-transcriptional regulation by comparing mRNA and protein abundance levels.
Several putative RNA-binding proteins have been identified in the P. falciparum genome, including two members of the Puf family of RNA-binding proteins known to regulate translation and RNA stability (Cui et al. 2002) , as well as proteins with sequence similarity to UBA2, a promoter-independent mRNAstabilizing protein originally identified in Arabadopsis thaliana (Lambermon et al. 2002) . In addition, a bioinformatic survey of transcription-associated proteins (TAPs) present in the P. falciparum genome indicated that TAPs are much less abundant in P. falciparum compared with other eukaryotic organisms, but proteins modulating mRNA decay and translation were the most abundant TAPs detected in the genome (Coulson et al. 2004) . The presence of these RNA-binding proteins indicates that mechanisms of post-transcriptional control should be expected in P. falciparum, and post-transcriptional regulation has been described for genes involved in sexual differentiation (Vervenne et al. 1994; Dechering et al. 1997) , mitochondrial RNA processing (Rehkopf et al. 2000) , and the stability of RNAs encoding surface antigens (Lanzer et al. 1993; Levitt et al. 1993) .
Quantitative analyses of mRNA levels measured at nine time-points of the P. falciparum life cycle (six asexual intraerythrocytic, merozoite, late gametocyte, and salivary gland sporozoite) using a short oligonucleotide array (Le Roch et al. 2003) , and semiquantitative analyses of protein levels measured at seven stages (ring, trophozoite, schizont, merozoite, gametocyte, gamete, and salivary gland sporozoite) detected by multidimensional protein identification technology (MudPIT) (Florens et al. 2002; J.R. Johnson, L. Florens, M. Grainger, Y. Wu, A.A. Holder, D.J. Carucci, and J.R. Yates, in prep.) provide abundance profiles for thousands of parasite transcripts and proteins, with abundance correlated to specific stages and time points in the parasite's life cycle. Here, we investigate the correspondence between mRNA transcript and protein abundance, and consider the effects of mRNA stability and/or post-transcriptional regulation on the timing of mRNA and protein detection. Using a systems-wide approach, families of genes sharing similar patterns of posttranscriptional regulation are identified, as well as putative sequence motifs that may confer regulatory effects.
analyses, representing 89% of the identified proteins and 60% of the detected transcripts (Table 1) . Of the 319 proteins whose corresponding transcripts were not detected in any of the mRNA time-points, 38 were represented by a small number of probes on the microarray (Յ6), and therefore, were assigned low P-values and filtered out of the transcriptome data set. The majority of these 319 proteins were detected at very low levels in the proteomic data set (60% were single peptide hits) and 81% were hypothetical proteins. However, several had virtually no mRNA expression in the transcriptome data set and were detected at significant levels in the asexual stages, such as glutathione peroxidase (PFL0595c) and glyoxalase I (PF11_0145).
On the other hand, proteins were not found for 2167 (50%) transcripts detected during the microararray analysis. Clearly, the microarray approach provided a greater depth of detection with, on average, 2.7 times as many transcripts as proteins detected at a particular stage, except for the merozoite stage, where relatively fewer transcripts were detected (1474 transcripts vs. 1077 proteins). It is certainly possible that the transcriptional activity of the merozoite stage is lower than any other stage of the malaria parasite, but the low number of merozoite transcripts observed could have been the result of the merozoite extraction protocol (see Methods), which involves long incubations that may lead to significant RNA degradation. On the basis of the mRNA intensity distributions of genes whose protein products were detected or not, the transcripts with a corresponding protein detected in the asexual erythrocyte cycle were, on average, 2.5 times more abundant than transcripts for which no proteins were detected ( Fig.  1) , demonstrating the tendency for proteomics methodologies to preferentially detect proteins of higher abundance. The majority of these transcripts were of moderate abundance (61% had mRNA expression values <100). However, this was not true for the sporozoite and gametocyte stages, where cumulative mRNA intensity distributions were not significantly different for genes where protein products were or were not detected. The most abundant asexual stage transcripts that lacked detection of their corresponding protein were mostly annotated as hypothetical, but notable exceptions were the circumsporozoite protein (CSP, PFC0210c) and the chloroquine resistance transporter (MAL7P1.27). The CSP is a sporozoite-specific protein, but the detection of untranslated CSP mRNA transcripts in the asexual stages has been described .
In addition, 770 of 2167 genes (36%) for which no protein products were detected appeared to code for proteins predicted to have an N-terminal signal sequence (566, 26%)-that is, proteins secreted or targeted to subcellular compartments-or with transmembrane domains (464, 21%) or glycosylated phosphatidylinosital (GPI) anchors (38, 2%). The proportion of such proteins in the whole P. falciparum genome is 37% (1993 of 5276 genes). This trend was also observed in the gametocyte and sporozoite analyses, with 38% and 40% of the missing proteins predicted to be nonsoluble, respectively. This observation illustrates a bias in the proteomic analysis of whole-cell lysates, in that such methods may fail to detect secreted or membrane proteins present in low abundance. Nine genes uniquely detected here at the transcriptome level were recently highlighted as potential secreted proteins (pPIESPs) in the targeted proteomic analysis of erythrocyte surface proteins . Two other genes (PFC1080c and PF11_0014) encode Maurer's cleft transmembrane proteins, (annotated as PfMC_2TMs), which were detected in the proteomic analysis of coimmunoprecipitated complexes (Sam-Yellowe et al. 2004 ).
Correlation of mRNA and protein abundance levels
It has been suggested that there is little correlation between mRNA and protein abundance in yeast as well as higher eukaryotes (Anderson and Seilhamer 1997; Futcher et al. 1999; Gygi et al. 1999) . To test this in P. falciparum, we compared mRNA and protein abundance levels using the Spearman rank correlation. mRNA abundance was represented by the expression levels as Ring  766  551  834  666  758  535  658  2533  Troph.  884  614  941  766  916  651  842  3295  Schiz.  904  623  910  778  909  635  834  3217  Mero.  493  397  513  415  458  340  385  1474  Gameto.  851  574  861  690  949  657  853  3363  Sporo.  594  417  585  476  618  421  576  2111  Total protein  1077  717  1118  861  1197  763  1206 The number of genes/proteins to be compared excluded mitochondrially encoded genes, ribosomal RNA transcripts, and proteins without complimentary probes on the microarray. (Florens et al. 2002; Gao et al. 2003; Durr et al. 2004; Liu et al. 2004 ). Because proteins with equal spectral count values are assigned identical ranks, a minimum spectral count range of 10 was enforced to avoid conflicts arising from proteins assigned equal ranks, which is particularly common for proteins of low abundance. To validate the applicability of using transcript levels obtained by microarray analysis and protein levels obtained by MudPIT analysis, RT-PCR, Northern, and Western blots were compared with microarray and MudPIT abundance measurements for three genes observed in this data set (Fig. 2) . MOID-calculated levels of mRNA abundance and spectral count estimates of protein abundance sufficiently represented those values obtained by conventional, gene-by-gene approaches.
Each proteome stage observed a moderately high Spearman correlation with its corresponding transcriptome stage (selfcorrelation, Table 2 ) in the range of those reported in the literature for quantitative proteomic analyses, where three independent comparisons of mRNA and protein levels in Saccharomyces cerevisiae produced partial positive Spearman-rank correlation coefficients of 0.21 (Griffin et al. 2002) , 0.45 (Washburn et al. 2003) , and 0.57 (Ghaemmaghami et al. 2003) . Although comparable to these other studies, the Sr values obtained here indicate a higher positive correlation (up to 0.59) between mRNA and protein data sets, which are clearer in scatterplots of mRNA and protein abundance (Fig. 3) . Rather than focusing on absolute Sr values, we compared the relative differences between Sr values for each transcriptome with all proteome data sets to determine which stage's proteome correlated best with the transcriptome of interest (Table 2 ). For example, the trophozoite-stage transcriptome correlated better with the trophozoite proteome (Sr = 0.583) than with any other stage's proteome. This is in contrast to comparisons between unrelated stages, such as that for the comparison between the schizont transcripts and the gametocyte proteins, where the Spearman correlations are very low (Sr = 0.230). Self-correlations were also highest for the schizont and sporozoite data sets. In the case of the gametocyte data sets, the Sr values were low (average Sr = 0.31) compared with other correlations. Interestingly, the gametocyte transcriptome correlated best with the proteome of the following stage, the gamete proteome (Sr = 0.447). This shift was also observed for other stages, where Sr values were highest for the comparison between a stage's transcriptome and the proteome of a later stage. The merozoite stage transcriptome, for example, correlated best with the ring-stage proteome (Sr = 0.731), whereas the ring-stage transcriptome correlated best with the trophozoite proteome (Sr = 0.655). This phenomenon suggests a regulatory effect at the level of mRNA stability and/or translation.
Individual expression-profile correlation and gene-by-gene analysis
The asexual erythrocytic stages of the parasite, consisting of the merozoite, ring, trophozoite, and schizont stages, provide a full cycle with which to analyze stage transitions of the parasite and the corresponding fold changes in mRNA and protein abundance over these transitions. Scatterplots were constructed to evaluate the correspondence between mRNA and protein fold changes during each transition in the parasite's asexual erythrocytic cycle (Fig. 3) . The scatterplots indicate a weak correlation between the mRNA and protein data sets, which is supported by the suboptimal Spearman-rank values obtained above. The scatterplots are divided into four quadrants, where genes observing complementary changes in mRNA and protein abundance would fall into quadrants I and III, whereas genes with discrepancies would fall into quadrants II and IV. On average, 55% of data-points fell into quadrants I or III, indicating that most mRNA/protein fold changes follow the same trend. These are genes for which regulation of expression is mostly achieved at the transcriptional level. For the data-points that fell into quadrants II or IV, replotting the same mRNA fold change points against protein fold change measured for the following transition fixed the majority of these points, relocating them into quadrants I or III 74% of the time (Fig. 3, insets) . Thus, for most genes that do not observe a response in protein levels complementary to the changes in mRNA levels, the corresponding protein changes are usually observed in the next transition. This indicates post-transcriptional mechanisms for controlling protein levels.
The Spearman-rank correlation and scatterplot analyses suggested a delay between mRNA and protein accumulation. To investigate specifically which genes or families of genes observed this trend, the correlation coefficient between mRNA and protein-expression profiles for each gene considered significantly regulated within the asexual erythrocytic stages (spectral count range Ն10) was calculated (Supplemental Table 3 ). To consider the possibility of a time-shift, a forward-shifted correlation coefficient was also computed, in which the order of the transcript stages was shifted forward, such that the proteome of each stage was correlated with the transcriptome of the preceding stage. As a control, and to establish a false-positive rate for this analysis, a reverse-shifted correlation coefficient was computed, in which the order of the transcript stages was shifted in reverse, so that the proteome of each stage was correlated with the transcriptome of the following stage. The correlation coefficient between mRNA and protein-expression profiles improved by 0.5 for 171 of 459 genes (37%) when the forward time-shift was considered, whereas the reverse-shifted transcript profiles improved the correlation coefficient by 0.5 for only 72 genes (16%). Interestingly, almost all genes involved in glycolysis observed significantly improved correlations when the transcript stages were for- Self-correlation coefficients are boxed. Proteomic datasets best correlating with mRNA levels are bolded.
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www.genome.org ward shifted, including hexokinase (MAL6P1.189), glucose-6-phosphate isomerase (PF14_0341), phosphofructokinase (PFI0755c), triose phosphate isomerase (PF14_0378), glyceraldehyde-3-phosphate dehydrogenase (PF14_0598), phosphoglycerate kinase (PFI1105w), phosphoglycerate mutase (PF11_0208), enolase (PF10_0155), and pyruvate kinase (MAL6P1.160). The only enzyme involved in glycolysis that was not apparently time shifted was aldolase, which is known to have a role in cell invasion (Jewett and Sibley 2003) . Several proteins localized to the rhoptry organelle involved in cell invasion shared similar timeshift patterns within their respective families, but the two families of rhoptry proteins were quite different. None of the high molecular-weight rhoptry complex (RhopH) proteins (PFC0120w, PFC0110w, PFI0265c, PFI1445w) appeared to be time shifted, observing unshifted correlation coefficients ranging from 0.81 to 0.99. In contrast, the low molecular-weight rhoptry complex proteins (PFE0075c, PF14_0102, PFE0080c) all exhibited significant time-shifts, with their mRNA abundances peaking in the schizont stage and their protein abundances peaking in the trophozoite stage of the following cycle. Unshifted correlation values were high for virtually all genes encoding 40S and 60S ribosomal proteins, and only six of 57 (Supplemental Table 3) had their correlation values improved by 0.5 or greater when considering a forward time-shift. In addition to the asexual erythrocytic cycle, mRNA and protein data were available for sporozoites, gametocytes (both mRNA and protein data), and gametes (protein data only). Comparing the gametocyte mRNA transcripts without cognate proteins in the gametocyte proteome with the proteins detected at the gamete stage identified a set of genes involved in ubiquitin-dependent degradation. These included six ubiquitinconjugating E2 enzymes and three ubiquitin hydrolases, all of which had protein products detected in the gamete-stage proteome, but were completely absent in the gametocyte proteome, where their mRNA transcripts were detected. The ubiquitinactivating enzyme E1, however, was detected more abundantly in the gametocyte proteome than in the gamete proteome, and its mRNA was detected in the gametocyte transcriptome.
Sequence analysis of untranslated regions
To identify putative regulatory sequence elements for genes sharing common mRNA/ protein accumulation patterns, we attempted to align sequences in the 5Ј-and 3Ј-untranslated regions (UTRs) of posttranscriptionally regulated genes identified by the individual mRNA/protein correlations of significantly regulated genes in the asexual erythrocytic cycle (Supplemental Table 3 ). Consensus motifs identified by MEME analysis (Bailey and Elkan 1994) were often highly repetitive (i.e., poly-G or poly-C sequences), many were very short sequences that were not specific to the group of genes being aligned, and most motifs were not aligned with considerable confidence for a significant number of genes in the group (data not shown).
Alternatively, known RNA-binding motifs were analyzed for their presence in the 3Ј-UTRs of significantly regulated P. falciparum transcripts. One of the most well-characterized mRNAdestabilizing elements is the AU-rich element (ARE) found in the 3Ј-UTR of many unstable mammalian mRNAs (Chen et al. 1995) . However, the A/T-rich nature of the P. falciparum genome makes the identification of a functional ARE nearly impossible. Similarly, an RNA consensus motif in Plasmodium that was observed to enhance the expression of a sexual-stage protein (a combination of a polyadenylation signal and a U-rich region (Golightly et al. 2000) could not be correlated with the post-transcriptional events identified here due to the A/T composition of this motif.
Recently, two RNA-binding proteins belonging to the Puf family of translation and mRNA stability factors were identified in the P. falciparum genome, one of which (PfPuf1) was shown by a yeast three-hybrid system to bind in vivo specifically to the Nanos-responsive elements (NREs) found in the 3Ј-UTR of the Drosophila hunchback (hb) mRNA (Zamore et al. 1997; Cui et al. 2002) . Furthermore, the mRNA expression of both Puf proteins was limited to the gametocyte stage, and the PfPuf1 protein was maximally detected in the gametocyte stage proteome. It has not yet been determined whether NRE elements in P. falciparum play a role in post-transcriptional regulation. Only 95 genes in the P. falciparum genome contained an NRE-like sequence (see Methods). The P. falciparum genes that contained the NRE sequence in Figure 3 . Scatterplots of mRNA and protein fold-changes during developmental transitions. The fold-change in mRNA abundance vs. the fold-change in protein abundance is plotted for each transition in the asexual erythrocytic cycle. Quadrants are designated with roman numerals. Data points falling into quadrants I and III were given open circles, data points falling into quadrants II and IV were given closed circles. Data points that fell into quadrants II and IV were replotted (inset) as the mRNA fold change of the transition indicated vs. the protein fold change of the following transition (i.e., the inset of Mero./Ring is a plot of the fold change in mRNA abundance for the merozoite-to-ring transition vs. the fold change in protein abundance for the ring-to-trophozoite transition).
their 3Ј-UTRs and were considered to be significantly regulated at the protein level (spectral count range Ն10) are shown in Table 3 . Of the seven genes with transcripts detected in the gametocyte stage, six had disproportionately low protein expression (spectral count <10) in the gametocyte proteome (PFL2225w, MAL13P1.214, PFC0435w, PFI1565w, and PFE1250w); the latter two showing a sharp increase in protein levels in gametes. Similarly, for six of seven genes with mRNA expression in the sporozoite stage, we either did not observe protein expression in the sporozoite proteome (PFL2225w, PFE1250w, PFC0435w, PF14_0697, MAL7P1.222), or the protein was detected at disproportionately low abundance (PFI1565w). The three proteins expressed during the erythrocytic cycle displayed the delayed translation phenomenon, where the protein products maximally accumulated one stage after the transcripts' levels peaked. This suggests that the delayed translations observed in both asexual cycle and sexual stages are likely to involve similar mRNAbinding proteins; however, the low number of P. falciparum genes containing an NRE-like sequence indicates that other mechanisms likely facilitate this delay.
Discussion
Differential mRNA/protein detection, Spearman-rank correlation coefficients, and individual mRNA/protein expression profile correlations indicate significant discrepancies between mRNA and protein abundance in P. falciparum. The most frequent discrepancy observed was a delay between the maximum detection of an mRNA transcript and that of its cognate protein. Figure 2 illustrates this phenomenon; the comparison of mRNA and protein abundance by RT-PCR, Northern blot, and Western blot experiments shows that, whereas the EBA-175 gene does not exhibit a time shift, the histone H3 gene does. It is important to note that these mRNA and protein extractions for Northern blot, Western blot, and RT-PCR analyses were carried out using the same pool of parasites, yielding results similar to the genomewide analyses, with minor discrepancies resulting from using different parasite populations. Although this display was a widespread phenomenon, it did not appear to be a nonspecific effect, considering that families of functionally related genes shared similar patterns of mRNA and protein accumulation. Similarly, the mRNA intensity distribution for detected and undetected proteins (Fig. 1) indicated that the nonoverlapping transcripts in the asexual erythrocytic stages were commonly missed by proteomic analysis, because they were low-abundance transcripts, whereas those for the sporozoite and gametocyte stages were of equal abundance to the overlapping transcripts, possibly indicating a more prevalent occurrence of post-transcriptional events during these stages of development. On the basis of the timeshift hypothesis, transcripts/proteins that are not shared between the two analyses could be most interesting to study, as these should allow us a glimpse of the physiology of the preceding or following stages. For example, in the case of sporozoites, transcripts for which no proteins were detected are very likely to code for proteins involved in the physiology of one of the most cryptic cellular forms of the life cycle, the liver schizont. Genes implicated in cell cycle regulation and cell division, possibly involved in the schizogony of the liver stage, were often detected at the transcriptional level in sporozoites. This is especially true for the cdc2-homolog kinase (MAL6P1.27) or the cell cycle regulator (PFL1330c), as well as their associated cyclins (PFL2280w and PFE092c). A large number of DNA polymerases (e.g., PF10_0165), DNA replication licensing factors (e.g., PF07_0023), or helicases (e.g., PF14_0437) were also detected. These genes are undoubtedly involved in the massive cell divisions that occur in the liver stage, and represent the parasite's ability to pre-adapt to the human host. Similarly, for the gametocyte stage, where mRNA and protein abundance appear least correlated, the prefabrication of transcripts in the gametocyte stage could allow for very rapid production of proteins that would be required for gametogenesis, one of the most rapid cell-division processes observed in any organism.
These three independent bioinformatic interpretations of experimental data imply mechanisms of post-transcriptional control, either involving interplay between mRNA stability and degradation, gene-specific control of mRNA translation, or a combination of both. The prefabrication and latent storage of untranslated mRNA transcripts has been previously demonstrated for select genes in Plasmodium. Pbs21, a P. berghei sexualstage gene whose mRNA is detected in female gametocytes, does not maximally accumulate its cognate protein until the ookinete stage (Paton et al. 1993; Vervenne et al. 1994) . Similarly, tran- Levitt et al. 1993) . CSP utilizes heterologous polyadenylation sites, but a majority of CSP transcripts lack poly(A) tails , suggesting the possibility that CSP transcripts are stored in a deadenylated form until their protein product is required. Comparative genomic analysis of transcriptional controls in P. falciparum revealed the presence of a disproportionately high number of proteins involved in mRNA stability and deadenylase activity encoded in the genome, suggesting that post-transcriptional controls may dominate transcriptional controls in regulating gene expression throughout development (Coulson et al. 2004 ). Post-transcriptional control at the level of mRNA translation is not unlikely in P. falciparum, considering the presence of structurally distinct ribosome populations during different stages of development and differentiation (Waters et al. 1989; McCutchan et al. 1995; Li et al. 1997) .
A-type ribosomes are predominant in the asexual erythrocytic stages of the P. falciparum, whereas a transition from the A-to C-type ribosome occurs during sexual differentiation in the mosquito midgut (Waters et al. 1989) . The relatively constant population of the A-type ribosome in the asexual erythrocytic stages of the parasite indicates that this type of post-transcriptional control is likely most prevalent during sexual differentiation, while the parasite undergoes a switch from one ribosome type to another. Gene expression in parasitic protozoa has shown unique mechanisms of regulation. For instance, the parasitic protozoa Leishmania, and other members of the trypanosomatidae, have polycistronic transcription with maturation of their mRNA by transplicing events (Agabian 1990) . Nuclear run analyses in Leishmania or Trypanosoma species have shown that the steadystate level of mRNA is essentially regulated by post-transcriptional regulation and/or mRNA stability (Beetham et al. 1997 (Beetham et al. , 2003 Burchmore and Landfear 1998; Martinez-Calvillo et al. 2003; Soto et al. 2003; ) . Although polycistronic transcription is common in bacteria and Archaea, it has been assumed for many years that this phenomenon does not occur in eukaryotic cells. However, recent works have shown that polycistronic transcription exists for 15% of the genes in the nematode Caenorhabditis elegans (Blumenthal et al. 2002) . Whereas trypanosomatidea species show a transcriptional regulation closely related to bacteria or Archaea cells, transcriptional regulation of P. falciparum genes appears more closely related to eukaryotic cells. Transcription in P. facliparum is monocistronic; however, the genome contains a dearth of genes encoding transcription factors compared with other eukaryotic genomes (Gardner et al. 2002; Coulson et al. 2004) . Post-transcriptional mechanisms may impart advantages for the parasite to quickly adapt to environmental changes, and could explain the common usage of such mechanisms throughout Apicomplexa.
Discrepancies between mRNA and protein abundance also have implications in malaria biology for those genes that have been studied primarily at the level of mRNA. The histones of P. falciparum are a prime example of this case, because they have been studied extensively using Northern blot analysis and are determined to be developmentally regulated throughout the stages in the asexual erythrocytic cycle (Lobo and Kumar 1999; Przyborski et al. 2003) . Transcription profiles indicated that histone transcript abundance was low or absent in the ring stage, accumulating to high levels in the trophozoite and schizont stages. As such, cell cycle models and assumptions regarding DNA replication and the timing of mitotic events were based on these transcriptional profiles. In light of the proteome data, however, it appears that histone mRNA transcripts are not immediately transcribed, and histone protein abundance in the ring stage is actually quite high for histone genes H2A (PFC0920w), H2B (PF07_0054), H3 (MAL6P1.106), and H4 (PF11_0061). This was confirmed by Western blotting, Northern blot, and RT-PCR analyses (Fig. 2) . The decrease in histone abundance observed during the ring-to-trophozoite stage is confounding, as the onset of DNA synthesis occurs during the early trophozoite (Inselburg and Banyal 1984; Graeser et al. 1996) . The discordance between histone abundance and DNA content in the ring stage may indicate that the histones possess a gene-regulatory function in the asexual erythrocytic cycle, although further biochemical evidence will be required to validate this hypothesis. The histones in the ring stage could function in a general regulatory manner by repressing overall transcription in areas of the genome that are packed into nucleosomes. Although most models of nucleosome remodeling involve modifications of the histone tails (Rice and Allis 2001), nucleosomes have been observed to unfold completely at transcriptionally active promoters (Boeger et al. 2003) and to repress transcription on a genome-wide scale in yeast (Sabet et al. 2003) , suggesting that a down-regulation of histone protein abundance could similarly be associated with increased overall transcription in trophozoites.
It remains unclear what signals are required to cause a significant delay between mRNA and protein accumulation. The in silico identification of a consensus sequence conferring RNA stability in the UTRs of Plasmodium transcripts is difficult without functional characterization of the UTR sequences. RNA-binding motifs are frequently A/T-rich, but the abnormally high A/Trichness of Plasmodium genome makes distinguishing functional motifs from random intergenic sequence nearly impossible. The NRE-binding sequence recognized by the PfPuf family was identified in several genes observing abnormal correlations between their mRNA and protein-expression profiles. It has been implicated that differential polyadenylation of transcripts in P. falciparum could confer some regulatory effects, but it remains to be determined whether putative mRNA stabilization sequences like the NRE sequence modulate stabilization by recruiting polyadenylation factors. To this end, we are currently investigating the polyadenylation of transcripts for genes with and without the NRE sequence.
By comparing transcriptome and proteome data throughout the P. falciparum life cycle, we show a slightly positive correlation, demonstrating the importance of transcriptional regulation in the malaria parasite. In addition, we show that most discrepancies observed between mRNA and protein abundance are due to a time shift observed between the detection of the transcript and its cognate protein, an effect observed within specific gene families.
Methods

Methods for microarray analyses
Parasite preparation and microarray analysis were performed as previously described (Le Roch et al. 2003) .
Parasite material for proteomic analyses
Sporozoites, gametocytes, trophozoites, and merozoites were prepared as described in Florens et al. (2002) . Additional stages were prepared as follows.
Ring and schizont stages
P. falciparum line 3D7 was maintained in vitro using either 10% human serum or 0.5% (w/v) ALBUMAX I in RPMI 1640 medium (Guevara Patino et al. 1997) . Highly synchronous developmental stages were obtained using a MACS type-D depletion column with a SuperMACS II magnetic separator (Miltenyi Biotec GmbH). Schizonts and merozoites were purified as described previously (Florens et al. 2002; Taylor et al. 2002) . To produce young ring stages, purified schizonts were mixed with uninfected erythrocytes and allowing merozoites to invade erythrocytes for 1 h. The remaining schizonts were removed using the magnet. Schizont-free ring stages were treated with either saponin or streptolysin O to release erythrocyte proteins.
Pfs230
− gametes
The gene for Pfs230 was disrupted at 1356 bp by targeted integration of pDT.Tg23.230-D1.356 into P. falciparum (strain 3D7) parasites (Eksi et al. 2002) . Pfs230 ‫מ‬ clone D1.356a was maintained in culture in the presence of 500 ng·mL ‫1מ‬ pyrimethamine and gametocytogenesis was induced (Ifediba and Vanderberg 1981) . N-acetyl-D-glucosamine (50 mM) was added to the gametocyte cultures on days 9-12 to eliminate asexual parasites, and on day 14, gamete/zygote production was induced by incubating the gametocytes in emergence medium (10 µM xanthurenic acid, 1.67 mg·mL ‫1מ‬ glucose, 8 mg·mL ‫1מ‬ NaCl, 8 mM tris(hydroxymethyl)aminomethane (Tris)-HCl at pH 8.2) at RT. One hour later, emerged gametes were isolated at the 6%-11% interface of a discontinuous Accudenz gradient (Accurate Chemical and Scientific Corp.).
Preparation and digestion of protein fractions
Whole-cell proteome analyses of P. falciparum sporozoites (five independent preparations), gametocytes (three independent preparations), trophozoites (five independent preparations), and merozoites (four independent preparations) were described previously (Florens et al. 2002) . In addition, two more merozoite (free of other stages), three schizont (95%-100% pure), seven schizont-free ring-stage, and three gamete preparations were lysed by osmotic shock in 10 mM Tris-HCl (pH 8.5) for 1 h on ice. The pellet fraction was separated from the supernatant by centrifugation for 30 min at 18,000g at 4°C. The membrane pellet was solubilized in 0.1 M sodium carbonate (pH 11.5). After 1 h at 4°C, the supernatant and sodium carbonate-extracted membrane pellet were separated by centrifugation. The pellet was resuspended again in 0.1 M sodium carbonate (pH 11.5). The three protein fractions (first supernatant, second supernatant, and membrane pellet) were (1) denatured in 8 M urea; (2) reduced in 5 mM Tris(2-Carboxyethyl)phosphine hydrochloride (TCEP, Roche); (3) alkylated by 20 mM iodoacetamide (IAM); and (4) digested with proteinase K (Roche) for 4 h at 37°C, in 0.1 M Sodium Carbonate (pH 11.5), as described in Wu et al. (2003) .
MudPIT
As described previously (Washburn et al. 2001) , peptide mixtures were concentrated and buffer exchanged to 5% Acetonitrile (ACN), 0.5% Acetic Acid on SPEC-PLUS PTC18 Cartridges (Ansys). They were then loaded onto a 100 µm inner-diameter fusedsilica microcapillary column (Polymicro Technologies) with a 5 µm tip (Sutter Instruments P-2000 laser puller), packed first with 5 µm C 18 reverse phase (Aqua, Phenomenex), followed by 5 µm strong cation exchange material (Partisphere SCX, Whatman). Loaded microcapillary columns were installed in-line with a quaternary Agilent 1100 series HPLC pump. Fully automated six-or 12-step chromatography runs were carried out. The flow rate was set to 200-300 nL·min
‫1מ‬
. Three different elution buffers were used: Buffer A (5% ACN, 0.1% Formic Acid), Buffer B (80% ACN, 0.1% Formic Acid), and Buffer C (500 mM Ammonium Acetate, 5% ACN, 0.1% Formic Acid). The application of a 2.5 kV distal voltage electrosprayed the eluting peptides directly into a LCQDeca ion trap mass spectrometer equipped with a nano-LC electrospray ionization source (ThermoFinnigan). Full MS spectra were recorded on the peptides over a 400-1600 m/z range, followed by three tandem mass (MS/MS) events sequentially generated in a data-dependent manner on the first, second, and third most intense ions selected from the full MS spectrum (at 35% collision energy). Mass spectrometer scan functions and HPLC solvent gradients were controlled by the Xcalibur data system (ThermoFinnigan).
MS/MS data sets acquired for trophozoites, merozoites, schizonts, rings, gametocytes, and gametes were searched against a database combining host proteins (human, mouse, and rat sequences from NCBI RefSeq, www.ncbi.nlm.nih.gov/RefSeq/) with the latest release of the Plasmodium falciparum genome (Gardner et al. 2002) complemented with missing sequences of known Plasmodium proteins. Sporozoite data sets were searched against the same P. falciparum database combined with protein sequences from the Anopheles gambiae genome (Holt et al. 2002) . The PEP_PROBE algorithm (Sadygov and Yates III 2003) , a modified version of SEQUEST (Eng et al. 1994) , was used to match MS/MS spectra to peptides. The outputs were parsed and filtered using DTASelect . Spectra/peptide matches were retained only if they had a minimum cross-correlation score (XCorr) of 1.8 for singly charged, 2.5 for doubly charged, and 3.5 for triply charged spectra, and a normalized difference in correlation score (DeltCn) of at least 0.08. In addition, the confidence for the matches to be nonrandom had to be at least 85% as defined by PEP_PROBE.
Note, we only required the presence of a Lys or Arg residue at either end of the peptides to account for the fact that about half of the data set had been generated from insoluble fractions, in which case, the proteins had been first chemically cleaved by cyanogen bromide in formic acid treatment. In addition, it has been widely demonstrated that proteolytic digestion with trypsin often generates nontryptic peptides, due to chymotryptic impurities, chymotryptic activity of pseudotrypsin (generated by trypsin self-cleavage), in-source fragmentation within the mass spectrometer, or the wide diversity of proteases represented in the lysates of parasite extracts. Finally, no specific peptide ends were required for data sets generated from proteinase K-digested samples.
RT-PCR, and Northern blots
Total RNA was extracted from synchronized parasites at 0, 24, and 30 h after merozoite invasion.
RT-PCR was performed as previously described (Le Roch et al. 2002) using the following primers: 5Ј-GATAATATAAATGT TACTGAACAAGG-3Ј and 5Ј-GGAACACTAATTTCGTTTTGTAC-3Ј (EBA175); 5Ј-ATGGCAAGAACTAAACAAACAGC-3Ј and 5Ј-TTATGATCTTTCTCCACGGATACG-3Ј (histone H3); 5Ј-CAA ACCAATCTGGATCTGCAGAAG-3Ј and 5Ј-CCATCTTGTGCTGA TAATAATTCATC-3Ј (Pfcrt).
Northern analysis was performed according to the manufacturer's protocol (NorthernMax-Ambion). Briefly, 20 µg of total RNA was subjected to gel electrophoresis and blotted onto a Brightstar-plus Nylon membrane (Ambion). The blot was then probed with gene-specific probe PCR products obtained using the cDNA template and primer pairs described above. DNA probes were radiolabeled with [␣- 32 P]dATP, using the Prime-a
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Gene labeling system (Promega). Unincorporated labeled nucleotides were removed by exclusion chromatography using sephadex G-50 columns (Amersham).
Western blots
Synchronized parasite cultures (0, 24, and 30 h postinvasion) were first centrifuged and washed with PBS (Invitrogen) before being homogenized in 0.15% saponin. Parasites were incubated on ice for 15 min and collected by centrifugation after several washes in PBS. Whole-cell lysates were obtained by suspension of the cell pellet in cytoplasmic lysis buffer (0.6% NP40, 0.15M NaCl, 10 mM Tris at pH 7.9, 1 mM EDTA) containing antiprotease cocktail (Complete Boehringer Mannheim), incubated on ice for 5 min, and centrifuged. The supernatant containing the cytoplasmic fraction was removed and pellets were resuspended in nuclear extraction buffer (10 nM HEPES at pH 7.9, 0.1 mM EGTA, 0.1 mM EDTA, 1.5 mM MgCl 2 , 420 mM NaCl, 0.5 mM DTT, and 25% Glycerol) containing antiprotease cocktail (Complete Boehringer Mannheim), incubated on ice 20 min, and centrifuged. The supernatant containing the nuclear fraction was removed. Total protein concentrations of the cytoplasmic and nuclear fractions for each time point (ring, trophozoite, and schizont) were measured using the Redi Micro BCA protein assay system (Pierce). Equal protein amounts for each time point (∼10 µg) were loaded onto a Novex pre-cast 10%-12% Bis-tris gel (Invitrogen) and electrophored in MES buffer (1 M MES, 1 M tris bas, 69.3 mM SDS, 20.5 mM EDTA) for 1 h at 110V. Cytoplasmic fractions were loaded for the EBA-175 and Pfcrt Western blots, nuclear fractions were loaded for Histone H3. Gels were transferred to a nitrocellulose membrane (Invitrogen). For EBA-175 and Pfcrt blots, membranes were incubated with rabbit antiserum (MRA-2) raised against purified recombinant GST fusion protein of P. falciparum EBA-175 (regionVI) and rabbit antiserum MRA 308, respectively, kindly provided by MR4 as primary antibody. For the histone H3 blot, membranes were incubated with rabbit anti-acetylated histone H3 (Upstate). Secondary antibody (goat anti-rabbit IgG, Sigma) binding was visualized using the PicoWest ECL Plus chemiluminescence detection system (Amersham).
mRNA abundance calculations
Transcriptome and proteome analyses were performed using P. falciparum clone 3D7 synchronized as previously described (Lambros and Vanderberg 1979) ; however, the analyses were carried out separately on different parasite populations. The number of genes/proteins to be compared excluded mitochondrially encoded genes, ribosomal RNA transcripts, and proteins without complimentary probes on the microarray (Table 1 ). The abundance of mRNA transcripts was calculated by applying the MOID algorithm for high-density oligonucleotide array analysis, which provides a P-value for each measurement, and thus, a metric to evaluate the confidence of each data point (Zhou and Abagyan 2002) . Transcripts were considered to be present when their expression levels were greater than 10 and the log of the P-value (logP) associated with their MOID-calculated expression level was less than ‫.5.0מ‬
Statistical analysis and Spearman-rank correlation
The Spearman-rank correlation has been commonly used for comparisons between mRNA and protein data sets, as it provides a statistical method to compare mRNA and protein abundance for an entire data set while circumventing issues arising from the different scales by which mRNA and protein abundance are measured. To calculate the Spearman-rank correlation between a transcriptome and proteome data set, each data set was sorted by mRNA or protein abundance, and each value in the data set assigned a rank. Only genes having a minimum spectral count range of 10 across the seven proteome stages analyzed were included for Spearman analysis. The Spearman rank correlation coefficients were calculated using the following equation:
where D is the difference between the ranks of corresponding mRNA and protein expression values for the i th gene, and N is the number of mRNA-protein value pairs (Lehmann 1975) .
Scatterplot analysis
Scatterplots were constructed from a set of genes whose spectral count range was at least 10. This value was determined by assessing spectral count variation from previous MudPIT experiments, and is likely a conservative threshold, as spectral count differences below 10 have been shown to be significant . Genes were excluded if the log could not be calculated for either fold change in mRNA or protein abundance (i.e., if the fold change of mRNA or protein abundance was zero), or if the fold change in mRNA or protein abundance could not be calculated (i.e., the mRNA or protein abundance of the first stage in the transition was zero).
Gene-by-gene correlation analysis
The correlation coefficient () of each gene's mRNA and protein expression profile was calculated using the following equations:
x,y = Cov͑X,Y͒ x и y and:
where x is the array of transcriptome values for each stage, y is the array of proteome values for each stage, x is the standard deviation of x, y is the standard deviation of y, n is the number of stages to be compared, µ x is the mean of x, and µ y is the mean of y. The value of can have a range ‫1מ‬ Յ Յ 1.
Sequence analysis of untranslated regions
For initial sequence alignments, sets of 20 genes were extracted from Supplemental Table 3 , where their proteins were maximally detected in the same stage. The 1500 nucleotides downstream of the stop codon for each gene was extracted from the P. falciparum genome and each set submitted to the MEME sequence alignment algorithms (Bailey and Elkan 1994) , with the top 30 motifs reported. The same downstream 1500 nucleotides were used to search for AU-rich elements (AUUUA), polyadenylation signals (AATAAA/ATTAAA) ), U-rich elements, or an NRE-like sequence (defined as GTTGTNNNATTGT, where the middle N sequence could range from 3 to 8 nucleotides).
